Abstract: The DFT study of primary antioxidant action of gallic acid and its carboxylic anion is presented in the gas-phase, benzene and water. Corresponding reaction enthalpies for three possible mechanisms was calculated using B3LYP/6-311++G** method. Bond dissociation enthalpy (BDE) and proton dissociation enthalpy (PDE) of 4-OH group was found to be the lowest in gas-phase as well as in both solvents approximated by IEF-PCM model. Ionization potentials (IPs) were higher than BDEs in all cases. Deprotonation of carboxylic group result in increased antioxidant potency as drop in BDE, proton affinities (PAs) and IPs was indicated in all environments.
Introduction
Gallic acid (3,4,5-trihydroxybenzoic acid) belongs to naturally occurring polyphenolic compounds. It is found in broad variety of plants and shows antioxidant, anticarcinogenic, antiviral, as well as neuroprotective effects. Therefore, it found biomedical and environmental applications. Gallic acid and its derivatives represent important additive in food technology, too (Gülçin, 2012; Huguenin, 2015) . Phenolic antioxidants in general are able to react with free radicals via three mechanisms shown in Scheme 1 (Gülçin, 2012) . From the thermodyna mics point of view, Hydrogen Atom Transfer (HAT) is governed by the O-H bond dissociation enthalpy, BDE. The two-step Single Electron TransferProton Transfer (SET-PT) is characterized by the ionization potential (IP) and the proton dissociation enthalpy (PDE) of the formed radical cation. In the case of Sequential Proton-Loss Electron-Transfer (SPLET), deprotonation of an OH group is followed by the electron transfer from the formed phenoxide anion. The corresponding reaction enthalpies are proton affinity (PA) of the phenoxide anion and the electron transfer enthalpy, ETE. In general, it is well known that physical, chemical and biological properties correlate with the acidity of phenolic acids or polyphenolics (Eslami, 2010; Ji, 2006; Marković, 2016; Yin, 2013) . In the case of gallic acid, carboxylic group shows the highest acidity (pK a = 4.4). Acidities of three phenolic groups were found in the range from pK a = 8.8 (4-OH) to pK a = 11.4 (5-OH) and these values determined using Raman spectroscopy are in accordance with previously published pK a values (Huguenin, 2015) . Electron paramagnetic resonance (EPR) study of Scheme 1. Mechanisms of primary antioxidant action of gallic acid. free radicals formed by the oxidation of gallic acid in water confirmed that at pH = 11, all remaining phenolic OH groups are ionized (Eslami, 2010) . Already at physiological pH, the extent of deprotonation is significant (Ji, 2006; Marković, 2016) . Thus, the study of antioxidant behavior of gallic acid requires the investigation of both, parent molecule and anions. For various flavonoids, it was experimentally, as well as theoretically shown that their antioxidant effect depends on pH, i.e. deprotonation severely alters antioxidant capacity of these compounds (Álvarez-Diduk, 2013; Lemańska 2001; Musialik, 2009) . Although several theoretical reports on parent gallic acid antioxidant action thermodynamics, depicted in Scheme 1, appeared in the last years (Chen, 2015; Ji, 2006; Koroleva, 2014; Leopoldini, 2004; Lu, 2006; Mohajeri, 2009; Saqib, 2015) , a comprehensive study for the various anions formed from gallic acid is still missing. Therefore, the main aim of the present work is to study and mutually compare the reaction enthalpies related to the three mechanisms of primary antioxidant action of gallic acid (Scheme 1) and corresponding carboxylic anion (Scheme 2) in the gas-phase, benzene and water. Besides, this work is also focused on the investigation of HAT and SPLET mechanisms for species with one or two deprotonated OH groups that may be the main reaction pathways in water. Calculations are performed using B3LYP/6-311++G** method (Becke, 1993; Lee, 1988; Binkley, 1980) and integral equation formalism polarized continuum model (IEF-PCM) description of solvent effect (Cances, 1997 and 1998) . This computational approach is identical to our previous papers (Lengyel, 2013; Vagánek, 2014) and allows the correct comparison of the calculated reaction enthalpies with data obtained for flavonoids. Chosen approach is widely used and provides reliable trends -calculated geometries, EPR parameters (g-tensors, isotropic hyperfine coupling constants) and reaction enthalpies are in accordance with the available experimental data Šolc, 2014; Toscano, 2016) . In last years, newer M05-2X and M06-2X functional with SMD solvation model are also applied in the thermodynamics of antioxidant action works -including the reactions of gallic acid with various free radicals (Đorović, 2014) . These provide identical trends in BDE, IP, PDE, PA and ETE, although a shift in the absolute values obtained using different functional and/or solvation model can be observed (Marković, 2013; Škorňa, 2016; Marković, 2016; Michalík, 2015) . For ortho-, meta-, and para-substituted hydroxybenzoic acids, it was found that the shift in calculated proton affinities can be attributed mainly to the employed solvation model (Michalík, 2015) -values obtained using B3LYP and M06-2X functionals with the same solvation models were in very good mutual agreement, while application of SMD model led to PA values lower by ca 80 kJ mol -1 in comparison to those obtained from IEF-PCM calculations. Analogous, very uniform shift was found also for IEF-PCM and SMD solution-phase proton affinities of 14 para-substituted benzoic acids with various electron-donating and electron-withdrawing substituents (Michalík, 2015) .
Computational details
All calculations were performed employing Gaussian 09 program package (Gaussian, 2009 ). The geometry of each compound, radical or ion was optimized using DFT method with B3LYP functional without any constraints (energy cut-off of 10 −5 kJ mol ). Calculations were performed in 6-311++G** basis set. Optimized structures were Scheme 2. Mechanisms of primary antioxidant action of gallic acid carboxylate anion.
confirmed to be real minima by frequency analysis. Solvent contribution to the total enthalpies was computed using IEF-PCM method. All IEF-PCM calculations (including geometry optimizations) were performed using default settings of Gaussian 09. Accuracy of the energy evaluation in the case of systems involving open-shell species is sensitive to the spin contamination. Spin contaminations of radical species reached correct value of 0.75 after the annihilation of the first spin contaminant. Thus, spin contamination should not bias calculated enthalpies. From the calculated total enthalpies (T = 298.15 K) with not scaled zero-point energies (ZPE) we have determined following quantities
The calculated gas-phase enthalpy of proton, H(H + ), is 6.197 kJ mol -1 and gas-phase enthalpy of electron H(e -) is 3.145 kJ mol -1 (Bartmess, 1994) . Proton and electron solvation enthalpies were taken from Rimarčík (2010) , where the employed computational approach was described in details. For carboxylate anions, the three mechanisms lead to formation of radical anion and the corresponding reaction enthalpies, denoted as BDE A , IP A , PDE A , PA A and ETE A , can be defined analogously (Scheme 2).
Results and discussion
Reaction enthalpies for parent gallic acid Although gallic acid and its antioxidant effect is intensively studied both, experimentally and theoretically, there is a lack of experimental data on the reaction enthalpies of its primary antioxidant action. From the rate constants of the reaction with the peroxy radicals (Denisova, 2008) , O-H BDE = 347.7 kJ mol -1 was determined in non-polar environment (methyl linoleate). Alberti et al. (2009) determined solution BDE = 339 kJ mol -1 through the EPR experiment based on radical equilibration technique in acetonitrile/chlorobenzene. These values are slightly higher than those in Table  1 Tables 1-3 , with one exception, they are in accordance with B3LYP/6-311++G** values in work of Chen et al. (2015) , differences do not exceed 5 kJ mol -1 . The only discrepancy we found in the case of PDE values in the benzene. The published values are roughly by 100 kJ mol -1 larger. Since in all three mechanisms the final product, the phenoxy radical, is identical, using thermodynamic cycle we have verified that values in Table 2 are correct. Moreover, for tricetin (flavonoid with pyrogallol unit representing ring B), in benzene we found all three B ring PDEs in 62-100 kJ mol -1 range (Vagánek, 2014) . In general, obtained results are in agreement with other theoretical works (Ji, 2006; Koroleva, 2014; Leopoldini, 2004; Lu, 2006; Mohajeri, 2009; Saqib, 2015) , too.
, of Gallic Acid. Data in Table 1 reveal that in all environments, 4-OH BDE is the lowest. Although it requires disruption of the intramolecular hydrogen bond with the 5-OH oxygen atom, the hydrogen bond with 3-OH group stabilizes formed radical. On the other hand, 3-OH BDE is the highest, because it requires the hydrogen bond cancelling and resulting radical is not stabilized by a hydrogen bond. Solvent shows only a negligible effect on BDEs, found changes are within 5 kJ mol -1 for 4-OH and 5-OH groups. For 3-OH group, BDEs are in 13 kJ mol -1 range in the three environments. The lowest 3-OH BDE was found in water that may contribute to the stabiliza-tion of formed radical and attenuates the effect of hydrogen bond (Lengyel, 2013 . These are higher than BDEs in Table 1 , thus entering SET-PT mechanism is less probable from the thermodynamics point of view. In comparison to gas-phase, PDEs in benzene and water (Table 2) show considerable decrease that is in accordance with other works (Chen, 2015; Vagánek, 2014) . Solvent stabilizes formed radical cation and large negative solvation enthalpy of proton results significant drop in PDEs. In agreement with BDEs, the lowest PDE was found for 4-OH group. Analogously to SET-PT, SPLET is also relevant only in the solution-phase. In comparison to gas-phase, PA in benzene and water are lower by ca 1000 kJ mol -1 and 1200 kJ mol -1 (Table 3) , respectively. Again, the lowest PA shows 4-OH group, in accordance with results for pyrogallol unit of tricetin (Vagánek, 2014) . As it could be expected from previous works (Lengyel, 2013; Vagánek, 2014) , the lowest ETE was found for 3-OH group showing the largest PA. Contrary to IP, PDE and PA, solution-phase ETEs are higher than the gas-phase ones, because solvent stabilizes the phenoxide anion formed in the first step of SPLET more than the phenoxy radical formed in the second step. It can be concluded that in gas-phase and benzene, hydrogen atom transfer represents thermodynamically favored mechanism. In water, entering SPLET is thermodynamically preferred, because PA values are significantly lower than BDEs. SET-PT mechanism is the least preferred in the solution-phase.
Reaction enthalpies for carboxylate anion of gallic acid
In solution-phase, deprotonation of carboxylic group takes place. In benzene and water IEF-PCM/ B3LYP/6-311++G** calculated enthalpy of carboxylic group deprotonation reached values of 393 kJ mol -1 and 159 kJ mol -1
, respectively. In all investigated environments these values are very close to 4-OH and 5-OH PAs of parent gallic acid. In the case of ortho-, meta-, and para-substituted hydroxybenzoic acids studied at G3MP2 level, higher acidity of OH group in comparison to COOH one (in terms of PA values) was found only for para-hydroxybenzoic acid in the gas-phase (Galaverna, 2015) . In CH 3 CN and methanol, differences between COOH and OH groups PA values were not pronounced and did not exceed 19 kJ mol -1
. For COOH and 4-OH groups, we have also performed calculations using M06-2X functional (Zhao, 2008 ) and SMD solvation model (Marenich, 2009) in the same basis set. This approach provided PA = 154 kJ mol -1 for 4-OH group in agreement with IEF-PCM/B3LYP/6-311++G** result in Table 3 The comparison of BDE A values summarized in Table 4 with BDEs obtained for parent gallic acid (Table 1) indicates that carboxylate anion is better hydrogen atom donor from the thermodynamics point of view. In gas-phase, differences are from 35 (3-OH group) to 45 kJ mol -1 (4-OH group). Solvents attenuate the differences between BDE A and BDE values, in water they are from 14 to 17 kJ mol -1 only. In all environments, the largest drop in bond dissociation enthalpies was found for 4-OH group. These results show that carboxylic group deprotonation may result in increased antioxidant potency of gallic acid. The similar results were also found for flavonoids, though the dif ferences between BDEs and BDE A values were more pronounced Lemańska, 2001) . In each studied environment, ionization potential of carboxylate anion is significantly lower in comparison to gallic acid. The lowest value of IP A = 261 kJ mol -1 was obtained for gas-phase. In the two investigated solvents, IP A values are practically identical: 367 kJ mol -1 in benzene and 368 kJ mol -1 in water. Compared to gallic acid, the largest drop in ionization potential was observed in the gas-phase (531 kJ mol -1 ) and the lowest one in water (129 kJ mol -1 ), because electron abstraction leads to neutral species. In the two solvents, calculated IP A values are higher than BDE A . In gasphase, electron abstraction from the carboxylate anion is thermodynamically favored in comparison to hydrogen atom transfer. For carboxylate anion, proton dissociation enthalpies ( In gas-phase, SET-PT mechanism is thermodynamically preferred due to low gas-phase IP. Because the formation of di-anion is connected with considerably large reaction enthalpy in gas-phase, the second step of SPLET resulting in radical anion is exothermic. In solution-phase ETE A values are positive. In both solvents, they are lower than ETE values for parent gallic acid. •3 -radical tri-anion was observed. Because SPLET and HAT mechanisms can be considered plausible in this case, we decided to explore also processes depicted in Schemes 3 and 4. In Scheme 3, the radical di-anion is formed via HAT or SPLET mechanism from the di-anion with deprotonated COOH and one of the phenolic OH groups. The corresponding reaction enthalpies are denoted BDE DA , PA DA and ETE DA . Analogous processes are studied in the case of tri-anion (a speScheme 4. HAT and SPLET mechanisms for tri-anions of gallic acid.
Scheme 3. HAT and SPLET mechanisms for di-anions of gallic acid. cies with deprotonated COOH and two phenolic OH groups), Scheme 4. Here, the final product is radical tri-anion, [C 6 H 2 O 3 COO]
•3 -, and reaction enthalpies are BDE TA , PA TA and ETE TA . In Table 7 . In solution-phase, the lowest value reached 4-OH BDE for deprotonated 3-OH group. In the gas-phase, the lowest BDE DA was found for 5-OH BDE in di-anion with deprotonated 3-OH group. This indicates that solvent is able to alter thermodynamically preferred HAT site through the stabilization of the formed product, although homolytic cleavage of the 4-OH group requires disruption of the intramolecular hydrogen bond with neighboring oxygen atom. If we compare BDE DA values with corresponding ETE A data from Table 8 , which has analogous structure as the Table 11 again confirm that SPLET mechanism can be relevant pathway only in water. However, PA TA values are higher than corresponding BDE TA ones. In contrast to carboxylate anion and studied di-anions, for all three tri-anions, the reaction enthalpy of H-atom transfer is lower than PA TA characterizing the deprotonation of the last OH group. PA TA values in gas-phase and benzene follow the observed trend: with each deprotonation, proton affinities significantly grow. In water, an increase in proton affinities is also observable; however it is in order of tens of kJ mol -1
. •3 -representing the final product after electron transfer was observed by EPR spectroscopy (Eslami, 2010) . Obtained results predict that this process is in gas-phase and benzene exothermic, while in water it is endothermic, but ETE TA is lower than all ETE, ETE A and ETE DA values. On the basis of our calculations, as well as employing available experimental data on acidity of COOH and OH groups, we have proposed a reaction scheme for antioxidant action of gallic acid in aqueous solution. In each step of the Scheme 5, thermodynamically preferred process is shown.
In the first step, deprotonation of COOH group occurs. According experimental reports on the acidities of three OH groups of gallic acid, 4-OH group should be the most acidic one (Huguenin, 2015) . However, our calculations show identical PA for 5-OH group, too. On the other hand, various reported experimental pK a values for the two OH groups are in the relatively wide range of 2 units (Huguenin, 2015) , therefore similar acidities of the two OH groups cannot be excluded. In the next step, deprotonation of second OH group takes place, followed by electron transfer from the formed tri-anion. Then, the radical di-anions depicted in Scheme 5 can undergo HAT or SPLET pathway. In the case of HAT, the product can be non-radical (singlet state) or bi-radical (triplet state). Unfortunately, the chemical accuracy of the used method cannot be assessed directly, since experimental data for gallic acid are not available. However, for mono-substituted phenols and tocopherols, we have confirmed that employed computational approach provides results in agreement with available experimental data (Klein, 2006; Klein, 2007) . Though individual BDE values may be slightly underestimated, the trends are in very good agreement with experimental data and theoretical results obtained using newer functionals developed for reaction energetics calculations (Đorović, 2014 (Đorović, , Marković, 2012 Škorňa, 2016) . For gas-phase PA values of mono-substituted phenols, employed computational method provided results in excellent agreement with experimental results (Klein, 2006) .
Conclusion
In the case of parent gallic acid hydrogen atom transfer governed by BDE is thermodynamically favored in gas-phase and benzene. In all environments, 4-OH BDE is the lowest as hydrogen bond with 3-OH group stabilizes formed radical. On the other hand, 3-OH BDE is the highest, because it requires the hydrogen bond cancelling and resulting radical is not stabilized by a hydrogen bond. Minimal solvent effect on BDEs is observed. In water PA values are significantly lower than BDEs, therefore SPLET is thermodynamically preferred. SET-PT mechanism is the least preferred in the solution-phase. In solution-phase, deprotonation of carboxylic group takes place. In benzene and water calculated enthalpy of carboxylic group deprotonation reached values very close to 4-OH and 5-OH PAs of parent gallic acid. Significant drop in bond dissociation enthalpies was found in all environments, especially in the case of 4-OH BDE. Thus, carboxylic group deprotonation may result in increased antioxidant potency of gallic acid. The similar results were also found for flavonoids. Although proton dissociation enthalpies of all three OH groups were close, their values were considerably higher in comparison to parent gallic acid. Formation of a di-anion after one OH group deprotonation is highly improbable for the gasphase. On the other hand, in water SPLET remains thermodynamically favored mechanism also for the carboxylate anion. SET-PT mechanism is preferred in gas-phase due to low ionization potential. Further deprotonation of di-anion is preferred to electron transfer in water. Formation of tri-anion is from the thermodynamics point of view not probable in the gas-phase and benzene. Nevertheless, BDE TA values for the last OH group in gas-phase and solution-phase values are similar unlike PA TA values showing significant effect of environment. Proton affinities in gas-phase and benzene follow the trend: with each deprotonation, proton affinities significantly grow. Despite only slight increase in proton affinities in water, electron transfer is the thermodynamically favored pathway in the case of tri-anion, contrary to di-anion.
